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MinireviewTargeting Dystroglycan in the Brain
acetylcholine receptor clustering (rapsyn), and the for-F. Montanaro1 and S. Carbonetto2,*
mation of membrane microdomains (caveolin). This pro-1Children’s Hospital
tein complex, and more specifically  and DG, extendsHarvard University and
from the intracellular cytoskeleton to the basementHoward Hughes Medical Institute
membrane that surrounds each muscle fiber. In DMDBoston, Massachusetts 02446
where dystrophin is not expressed, the complex is2 Montreal General Hospital Research Institute
largely absent from the muscle cell surface. This com-Centre for Neuroscience Research
promises the integrity of the muscle membrane andMcGill University
leads to muscle fiber degeneration. Mutations in miceMontreal, Que´bec
or humans of genes encoding proteins that interact withCanada
 or DG result in muscular dystrophies (reviewed in
Durbeej and Campbell, 2002). More recently, elegant
work from a number of labs, notably those of Endo,The dystrophin-glycoprotein complex is a multisubunit
Hewitt, and Muntoni (discussed in Muntoni et al., 2002),complex that connects the extracellular matrix com-
has shown that mutations in genes involved in the gly-ponents to the cytoskeletal matrix of muscle fiber cells
cosylation of DG, such as Fukutin, Fukutin-relatedand is required for muscle integrity. Mutations in this
protein (FKRP), O-mannosyltransferase-1 (POMT1; Bel-complex are associated with muscular dystrophy. Al-
tran-Valero et al., 2002), O-mannosyl-1,2-N-acetyl-though the role of dystroglycan has been explored
glucosminyltranserase-1 (POMGnT1), and a putativemainly in the context of muscle, recent work has also
glycosyltransferase (LARGE), also result in muscular dys-demonstrated a novel role for dystroglycan in the CNS
trophies.and thus provides potential insights into the brain ab-
SinceDG,DG, and dystrophin are also expressed innormalities associated with some forms of muscular
the CNS, it is significant that CNS defects are associateddystrophy.
with a subset of muscular dystrophies. Mental retarda-
tion in DMD, however, is mild when compared with thatDuchenne noted that boys with the eponymous disease
resulting from mutations in genes involved in the glyco-not only had muscular dystrophy (Duchenne Muscular
sylation ofDG. These lead to defects in neuronal migra-Dystrophy [DMD]), but in some cases, also presented
tion, brain morphogenesis, and basement membranewith mental deficits. The combination of muscle and
expression in FCMD, MEB, WWS, and in the mydLARGEcentral nervous system (CNS) involvement is not unique
mouse. Furthermore, these defects resemble those into DMD. In congenital muscular dystrophies, such as
mice with a targeted deletion of the DG gene in theFukuyama Congenital Muscular Dystrophy (FCMD),
CNS (DGCNS; Moore et al., 2002), suggesting that mostWalker-Warburg syndrome (WWS), and Muscle Eye
clinical symptoms observed in FCMD, WWS, and MEBBrain (MEB), the severe muscle phenotype is associated
are likely to be due to hypoglycosylation of DG.with mental retardation. Recent work by Michele et al.
Glycosylation of DG(2002) and Moore et al. (2002) significantly advances our
The protein core of DG is 74 kDa, although the fullyunderstanding of the cellular and molecular interactions
processed protein has a molecular mass that rangesthat result in these CNS deficits by revealing a previously
from 120 kDa in brain to more than 200 kDa in muscle.
unrecognized role for  dystroglycan (DG) in neuronal
Most of this mass is due to O-linked carbohydrate side
migration, synaptic transmission, and targeting of cell
chains found within the mucin-like region of DG. Chiba
surface proteins. On a background of prior research et al. (1997) identified a side chain (Sialic acid2-3Galac-
(reviewed in Muntoni et al., 2002), their work describes tose 1-4-N-acetylglucosamine 1-2Mannose-Serine/
processes that underlie both the muscle and CNS pa- Threonine) which may be unique to DG (Figure 1).
thologies in these diseases and links them to a pathway, These same authors reported biochemical evidence that
which remarkably may be devoted solely to glycosyla- this side chain mediates laminin binding. This view is
tion of DG. supported by previous reports showing that DG is hy-
DG was first identified in brain as a laminin binding poglycosylated in FCMD, MEB, WWS, and the mydLARGE
protein and was later shown to be associated with dys- mouse (reviewed in Muntoni et al., 2002) and more
trophin, a subplasmalemmal protein that is mutated in recently by Moore et al. (2002), who showed that the
DMD. The DG gene encodes a single precursor protein hypoglycosylated DG binds poorly to its extracellular
that is cleaved during or soon after translation into  and ligands laminin, agrin, and  neurexin. These data sug-
DG (Figure 1). DG is a heavily glycosylated peripheral gest that the genes affected in these diseases (POMT1,
membrane protein that binds to extracellular ligands POMGnT1, Fukutin, and LARGE) are likely to act within
such as laminin, agrin, perlecan,  neurexin, and bigly- the same pathway for O-linked glycosylation of DG
can. DG is a transmembrane protein that anchors DG (Figure 1). O-linked glycosylation mediates binding of
to the plasma membrane and interacts intracellularly DG to a globular or G domain found in all of its currently
with cytoskeletal proteins that include dystrophin and identified ligands, with the exception of biglycan. Thus,
utrophin, as well as proteins involved in signaling (Grb2), differences in DG glycosylation could modulate its li-
gand interactions. The glycosylation of DG varies
among tissues as well as during development. Some*Correspondence: sal.carbonetto@mcgill.ca
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Figure 1. O-mannosyl-Linked Glycosylation
of DG in a Complex of Dystrophin-Associ-
ated Proteins
In skeletal muscle, DG is part of a large pro-
tein complex that includes dystrophin,
utrophin, sarcoglycans, and sarcospan. DG
can bind laminin, agrin, perlecan, and  neu-
rexin via its O-linked carbohydrates (yellow),
shown covalently bound to a serine or threo-
nine in the mucin-like region of DG. Genes
that encode known (POMT1, POMGnT1) or
putative (Fukutin, FKRP, LARGE) proteins
that may participate in O-mannosyl-linked
glycosylation of DG are shown along with
the associated muscular dystrophies. Arrows
point to steps in glycosylation where these
proteins are known (solid lines) or presumed
(broken lines) to act. For some proteins, the
site of action is currently unknown (broken
line with question mark). MdxGalNacT is a trans-
genic mdx mouse overexpressing N-acetyl-
galctosamine transferase. Mouse genes and
diseases are shown in green; human genes
and diseases are in red.
glycosyl transferases might then be expressed in a tis- In the mydLARGE mouse, Michele et al. (2002) report
focal discontinuities in laminin immunoreactivity onlysue-specific fashion, and mutations affecting them
would be found only in a subset of tissues. This is in between adjacent cerebellar folia. Holzfeind et al. (2002),
however, do not find any disruptions in CNS basementfact the case for mutations in FKRP, a putative glycosyl-
transferase, which alters glycosylation of DG primarily membranes in the strain of mydLARGE mice that they ana-
lyzed. Whether basement membrane disruptions inin muscle and leads to Limb Girdle Muscular Dystrophy
type 2I and Congenital Muscular Dystrophy type 1C, mydLARGE mice are rare events occurring primarily in the
cerebellum or are a feature that shows variability be-two muscular dystrophies with no CNS involvement.
Interestingly, Nguyen et al. (2002) have found that over- tween mouse strains remains to be determined. Regard-
less, mice lacking DG in the CNS have more severelyexpression of N-acetylgalactosamine transferase in mdx
mice (mdxGalNacT) mutant in the dystrophin gene mitigates disrupted basement membranes than mydLARGE mice,
suggesting that an intact link between DG and dys-their muscular dystrophy. DG is a major substrate for
this enzyme, and mdxGalNacT mice overexpress DG as well trophin/utrophin via DG is more important for the
proper expression of basement membranes than bind-as other dystrophin-associated proteins, most notably,
utrophin, which can substitute for dystrophin in binding ing ofDG to its ligands via its carbohydrate side chains.
In support of this, mice lacking DG in all tissues do nottoDG. How glycosylation regulates expression of these
proteins and what molecules mediate this process is develop beyond embryonic day 6.5, reportedly due to
a disruption of the extraembryonic Reichart’s basementunclear, yet this finding introduces a new dimension to
the functional importance of DG glycosylation. membrane, whereas homozygous mydLARGE mice obvi-
ously survive. This is consistent with several observa-Dystroglycan and CNS Basement Membrane
Expression tions that DG is necessary for some but not all base-
ment membranes (Li et al., 2002).A central theme of the work on DG has been its role in
the expression of basement membranes. During CNS Dystroglycan and Neuronal Migration
Basement membranes are essential for proper brain de-development, meningeal cells, which expand and cover
the surface of the brain, secrete extracellular matrix velopment. They are present in the developing neural
epithelium at the “apical” or pial surface. During CNS(ECM) components. The formation of a continuous me-
ningeal layer and accompanying basement membrane development (Figure 2), cell proliferation occurs in the
ventricular zone, where both DG and Fukutin mRNAis necessary to separate folia in the cerebellum and
give rise to the interhemispheric fissure in the cerebral transcripts are highly expressed. Postmitotic neurons
migrate toward the developing cortical plate on radialcortex. Moore et al. (2002) report that DG null mice have
discontinuous pial basement membranes surrounding glia that span the neuroepithelium with endfeet attached
to the pial basement membrane (Figure 2). During laterthe cerebral cortex and loss of the interhemispheric fis-
sure. They also report discontinuities in the pial base- stages, the cortical plate becomes divided into six lay-
ers. Distinct phenotypes (Gleeson and Walsh, 2000) re-ment membrane of the cerebellum where adjacent folia
are often fused to each other. This could be due to a sult from selective defects in each of the key events of
migration (Figure 2A).defect in basement membrane formation, assembly, or
stabilization leading to an aborted expansion of menin- Both mydLARGE and DGCNS mice display disorganized
cortical layering and misplaced neurons (heterotopia) ingeal cells. Interestingly, a similar phenotype is observed
in mice lacking integrin ECM receptors containing the layer I. In addition, DGCNS mice also have clusters of
neurons and glia beyond the pial basement membrane.1 subunit in the CNS (Graus-Porta et al., 2001; Fig-
ure 2C). These observations suggest that the migration of corti-
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Figure 2. Abnormalities in Cortical Devel-
opment
(A) During normal cortical development, neu-
roblasts (light green) proliferate in the ventric-
ular zone (VZ), giving rise to postmitotic neu-
rons (dark green) that migrate toward the
marginal zone (MZ) along radial glia pro-
cesses (orange). Postmitotic neurons migrate
past subplate cells (SP) and then detach from
the radial glia once they have reached their
proper positions within the cortical plate (CP).
Position is regulated by their time of birth and
by reelin released by Cajal-Retzius cells (blue)
located in the MZ. First-born neurons (dark
red) stop close to SP cells, while older neu-
rons (progressively lighter shades of red)
must migrate past them to form an inside-out
layering scheme. Three examples of migra-
tion disorders are shown. (B) Radial glia pro-
cesses fail to attach to the basement mem-
brane (BM) and do not extend into the MZ.
The inside-out pattern is preserved, but Cajal-Retzius cells are located at varying distances from the BM. Neuronal layers are not aligned,
and the CP has a wavy appearance. This is known to occur in mouse brains deficient in 1 integrins. (C) Focal disruptions of the BM allow
Cajal-Retzius cells and neurons to migrate into the adjacent subarachnoid space. These heterotopia are seen in mice deficient in 1 integrins
or with mutations in the laminin 1 chain. (D) Neurons do not respond properly to a migration stop signal. Signaling between neurons and
Cajal-Retzius cells is necessary for migration arrest and neuronal positioning in the CP. In mice mutant for reelin, neurons do not migrate
past SP cells, and the inside-out pattern of neuronal layering is roughly inverted (See Gleeson and Walsh, 2000, for details of the mutations
noted.)
cal neurons in these mice is perturbed. Initiation of mi- FCMD, MEB, and WWS patients, glial and neuronal het-
erotopia accumulate at the pial surface. Other similari-gration is apparently not at fault, since neurons in the
DGCNS and mydLARGE mice are found throughout the ce- ties between the DGCNS mouse and the human disorders
include bundles of myelinated fibers at aberrant loca-rebral cortex. Impaired anchoring of radial glial pro-
cesses and focal disruptions in the pial basement mem- tions within the cortex and the presence of reactive glia,
classically associated with trauma to the CNS but whichbrane are more likely to be the primary cause for
disrupted migration. Such a scenario has been de- may reflect disruption of the pial/brain junction in both
instances.scribed in mice null for 1-integrins in the CNS (Graus-
Porta et al., 2001) or with a mutation in the laminin 1 Dystroglycan and Synaptic Transmission
Prompted by observations that DG is concentrated atchain (Halfter et al., 2002). In these cases, radial glia
often failed to extend completely to the pial basement synaptic sites in the hippocampus, Moore et al. (2002)
examined long-term potentiation (LTP) in mice lackingmembrane (Figure 2B). At those sites, Cajal-Retzius cells
were misplaced or missing, and neurons either stopped DG in the CNS. They found that the amplitude of synaptic
responses evoked by low-frequency stimulation ofat a deeper location or, if the basement membrane was
disrupted, reached the pial/CNS interface and accumu- Schaeffer collaterals was the same in both wild-type and
DGCNS brain slices. Thus, the developmental defectslated beneath the pia or beyond it (Figure 2C). These
cortical layering defects are very similar to the ones discussed above are not likely to grossly disrupt synap-
tic transmission. High-frequency stimulation, however,observed in DGCNS, suggesting similar underlying
causes. However, more subtle migration defects might results in LTP that is significantly reduced in amplitude
and duration at synapses lacking DG. Paired-pulse facil-be present in DGCNS mice. The observation of neuronal
heterotopia in the marginal zone of the cortex of DGCNS itation is not affected in DGCNS brains, suggesting that
presynaptic events from action potential invasion intoand mydLARGE mice could hint to an impaired response
to a molecular stop signal. This possibility is all the more nerve terminals to vesicle release are equivalent in wild-
type and DGCNS nerve terminals. Michele et al. (2002)intriguing since both slit and reelin contain laminin-like
G domains, and both are secreted inhibitors of neuronal do not report on LTP in the mydLARGE mouse, but the
relationship of hypoglycosylation and, most likely, ligandmigration (Figure 2D).
The CNS defects in mydLARGE and DGCNS mice resem- binding to altered synaptic transmission is supported
by Holzfeind et al. (2002), who describe extracellularble those in FCMD, MEB, and WWS. In these disorders,
neuronal migration is affected, and cortical layering is recording of synaptic events in the retina of mydLARGE
mice. They find significant decreases in some electroret-severely disrupted. While mutations in glycosyltransfer-
ases and related proteins are the cause for these human inogram parameters, notably, in b-wave amplitude, im-
plicit time, and b/a size ratio, with little or no defect indisorders and the mydLARGE mouse, DGCNS mice display
a phenotype somewhat closer to the human disorders. the a-wave. They conclude that photoreceptor re-
sponses (a-wave) are normal but that downstreamFor instance, fusion of cerebral hemispheric cortices is
not observed in the mydLARGE mouse, but it is found in events are altered. These include synaptic transmission
from photoreceptors to horizontal and bipolar cells inDGCNS mice, in some cases of FCMD and more often
in WWS. Similarly, in the DGCNS mouse as well as in the outer plexiform layer and/or currents from Muller
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glia, the radial glia that contribute to the b-wave re- work will be the possible functions of DG in the targeting
sponse. Neuronal layering and radial glia in the retina of glutamate receptors during LTP, which involves not
appear to be normal in the mydLARGE mice, indicating that only intracellular trafficking but also insertion, aggrega-
this defect in synaptic transmission is not a result of tion, stability, and endocytosis. The molecular interac-
abnormal neuronal migration. However, DG is localized tions of DG are curious, however. Consider that DG is
in Muller glia as well as presynaptically in photoreceptor a receptor that binds G domains via its carbohydrate
nerve terminals where it may be regulating neurotrans- side chains. This may alter the conformation of its core
mitter release. Previous studies have reported similar protein but is unlikely to change the conformation of
b-wave pathology in patients with DMD as well as in DG, its transmembrane partner. Thus, any signaling
mice mutant in dystrophin, suggesting that a complex mediated by these two DG subunits is likely initiated
similar to that in muscle may be at work. Taken together, outside the cell. It will be a challenge for future workers
these two studies strongly support a function of glycosy- to detail these initial events and their sequelae, which
lated DG in synaptic transmission, although the site of may reveal novel mechanisms of synaptic plasticity.
action may be presynaptic, postsynaptic, and/or glial.
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Future Directions
The work of Campbell and coworkers (Michele et al.,
2002; Moore et al., 2002) highlights novel developmental
and synaptic functions for DG mediated by the carbo-
hydrate side chains that decorate its protein core. This
work bears importantly on the etiology of lissencepha-
lies and the mental retardation that accompanies several
muscular dystrophies. Of particular interest in future
